Abstract: An extension of the modified Jiles-Atherton description to include the effect of anisotropy is presented. Anisotropy is related to the value of the angular momentum quantum number J, which affects the form of the Brillouin function used to describe the anhysteretic magnetization. Moreover the shape of magnetization dependent R (m) function is influenced by the choice of the J value.
Introduction
Modelling of hysteresis loops in soft magnetic materials is important for optimal design of magnetic circuits in electric devices. The shape of magnetization curves is affected by number of physical phenomena, e.g. eddy currents, anisotropy, applied stress etc., which should be taken into account when developing the appropriate descriptions of magnetization processes.
The macroscopic Jiles-Atherton hysteresis model [11] is one of the most popular models of the phenomenon due to its physical background and relatively easy form of model equations. The original model formulation has been developed in order to describe hysteresis loops in isotropic soft magnetic materials. Its essential features are: $ the averaged interactions between magnetic domains within the material are considered using the concept of "effective field", $ the major loop branches are obtained by the introduction of an offset from the "anhysteretic" curve, which describes a hypothetical medium devoid of imperfections inherent in the magnetic material (inclusions, voids, dislocations of crystalline lattice etc.). For the description of the anhysteretic curve the model developers have chosen the modified Langevin function.
The description has been later extended to include the effect of anisotropy by the introduction of an additional energy term in the argument of the modified Langevin function [17] . This concept has been developed in a number of subsequent papers, including the recent one [16] .
In the present paper another possible approach is considered. The Langevin function is replaced with a more general Brillouin function. Moreover a magnetization dependent R(m) function is introduced into the model equation. The form of the R(m) function depends on the value of the angular momentum quantum number J, which affects the form of the Brillouin function. Modelling of major hysteresis loops is carried out for different classes of contemporary soft magnetic materials, i.e. Fe-based amorphous alloys, NiFe alloys and Fe-based nanocrystalline materials.
Model description
The modified version of the Jiles-Atherton model equations, outlined in recent papers [2-4, 6, 7] is considered. In the modified description the equation for total differential susceptibility is written in the form similar to that envisaged by Gy. Kádár in his product Preisach model [13] [14] [15] :
where $ [!] is a model parameter, interpreted as initial susceptibility, whereas dM irr /dH may be obtained from the fundamental Jiles-Atherton relationship
where
is the so-called effective field, δ is the sign of time derivative of flux density, which is the input variable in the normalized measurement conditions (IEC60404), ( ) [4, [6] [7] . 1 , 0 ∈ m denotes reduced magnetization, which is actual magnetization referred to saturation magnetization.
The function R(m), interpreted as a measure of active domain wall surface [1] in the first approximation is given as 
Analytical calculation is possible only for ,
For other J values one has to resort to numerical methods to evaluate the value of ) (m R function for a given value of x. From Figures 1 and 2 it follows that anisotropy, whose measure could be the J value, affects the shape of modelled hysteresis loop in a complex way: it changes the shape of the anhysteretic curve, but it also modifies the total susceptibility by a change of the shape of the R(m) function. The latter impact should be pronounced for higher excitation levels. The modified Jiles-Atherton description has been developed to describe magnetization curves of electrical steels [2, 4, [6] [7] . For these soft magnetic materials the assumed values of J parameter could be equal to 0.5 (for grain oriented steels) or to 1 (for non-oriented steels). Recently, the model has been applied to evaluate the effects of anisotropy and ambient temperature variations in MnZn ferrites [3] .
Modelling
In the present paper the proposed description is applied to model magnetization curves of chosen soft magnetic materials used in electrical engineering and power electronics, cf. Fig. 3 . Model equations (1-3, 5, 6) are transformed to yield the relationship dM/dB, necessary for the so-called inverse model. Measurements of hysteresis loops are carried out on toroid samples of permalloys, Febased amorphous and nanocrystalline materials using a laboratory setup, which fulfills all the requirements of IEC60404 standard. The excitation frequency is kept as low as possible, in order to avoid the disturbing effect of eddy currents on hysteresis loop [18] . In modelling this effect is therefore neglected.
In order to recover the optimal set of model parameters, the Matlab implementation of the global optimization algorithm DIRECT is used [9, 12] . This robust procedure has already been successfully applied for this purpose in the context of the "classical" Jiles-Atherton model in Ref. [5] . The fitness value is the squared sum of errors between the measured and the modelled values of magnetization in a number of points (given in the first column of Table 1 ) on hysteresis loops. The number of the considered data points is chosen larger than the problem dimension i.e. redundant, so that the effects from inevitable measurement errors could be avoided. Table 1 . Modelling strategy consists in sweeping the J value over an interval, what implies an appropriate adjustment of the shape of R(m) function, followed by the search for optimal values of other parameters. Briefly speaking, the DIRECT algorithm allows us to set two stopping conditions: exceeding a specified number of iterations or fitness function evaluations, if the global minimum is unknown. The results are given in Table 1 . In all cases the algorithm has stopped due to exceeding the prescribed number of iterations. The last column provides the information about the final number of fitness function evaluations. The fitness is defined here as the squared sum of errors for a number data points belonging to the experimental and the modelled hysteresis loops.
The bounds, which define the search space for the optimization routine, are preset in a manner similar to that explained in the earlier paper [5] . Parameters a and k should take values close to coercivity, thus
The value of saturation magnetization M s is expected to be larger than magnetization at loop tip M TIP . The theoretical value at the zero K temperature decreases for most soft magnetic materials according to the well known Bloch's 3/2 law [8, 10] , thus magnetization values at room temperature are significantly lower. It is assumed, that . 4 . 1 ;
The mean field parameter " should be of the order .
/ s c M H
Finally, the values of $ parameter should be comparable to values presented in data sheets and reference textbooks. It is also useful to consider Rayleigh equation for a small amplitude loop and obtain a first approximation, if direct measurements of initial permeability at H = 0.4 A/m cannot be carried out properly e.g. due to the drift problems. This approach is followed in the present paper, but the search range for this parameter is deliberately enlarged to , 5 ; The differences between the measured and the modelled hysteresis loops measured in the characteristic points of the magnetization curve (coercivity, remanence) did not exceed 15%. Figure 7 depicts an exemplary action of the optimization procedure for the Vitroperm 800 F sample. It can be noticed, that in the presented case the fitness value achieves a steady state after some 20 iterations. Thus the arbitrarily chosen value 25 iterations is sufficient for obtaining acceptable modelling results, cf. Fig. 5 . 
Conclusions
The recently developed modified Jiles-Atherton description of magnetic properties was applied to model hysteresis loops of diverse magnetic materials: Fe-based amorphous alloys, NiFe alloys and Fe-based nanocrystalline materials. It was found that major hysteresis loops of the examined soft magnetic materials could be modelled using the proposed description with accuracy sufficient for engineering purposes. Different anisotropy levels of the considered materials could be modelled by an appropriate choice of the value of the angular momentum quantum number J. The form of the magnetization-dependent R(m) function was updated upon the change of J value. The form of model equations was thus related to the magnetic anisotropy (or its lack) of the examined material. For estimation of model parameters a robust "branch and bound" optimization algorithm was used. It should be stressed that the model identification issue was difficult, because the search domain for the J parameter was discrete, whereas for other parameters it was continuous. Another constraint for exhaustive search in the considered six dimensional space was the prohibitive estimation time, especially for higher values of J parameter. The use of "branch and bound" optimization routine as a black-box allowed us to obtain solve the estimation issue successfully within a reasonable time.
The forthcoming research shall be focused at description of minor loops in the considered soft magnetic materials with the presented approach.
